ABSTRACT In this paper, we proposed a new eight-channel diplexer (1.575/2.4/3.5/5.2 and 1.8/2.6/4.2/5.7 GHz) with a simple source-load input/output structure containing four pairs of coupled asymmetric stepped-impedance resonators (SIRs) in a compact circuit size. By tuning the impedance ratio and the length ratio of the asymmetric SIRs, each resonant mode can be easily determined, and the diplexer with close quad-passbands (quad-channels) can be implemented. The new eight-channel diplexer for multiband wireless communication systems including of global positioning system, global system for mobile communications, Wi-Fi, and 5G mid-band.
I. INTRODUCTION
A multichannel diplexer with compact circuit, low insertion loss, high isolation, and flexible passband frequencies is an important component in multiband and multiservice wireless communication systems and has great potential for application in modern wireless communication systems. However, designing the multichannel diplexer with the above-mentioned features is challenging.
Several types of multichannel diplexers have been reported in the literatures: In [1] and [2] , a diplexer with multimode resonators was presented. In [3] , a compact fourchannel diplexer with low insertion loss, high isolation, and flexible passband frequencies was presented. In [4] , an eight-channel diplexer with 16 stepped-impedance resonators (SIRs) was presented; although this diplexer exhibited high channel performance, its circuit size and insertion loss were not favorable. Hong and Chang [5] , a six-channel diplexer with parallel-coupled microstrip bandpass filters was presented; developed a method of suppressing the spurious responses of the filters at 10 and 12 GHz. In [6] , a compact six-channel diplexer (1.575/2.4/5.2 GHz and 1.8/3.5/5.7 GHz) with multipath quarter-wavelength SIRs was proposed. However, the use of multi-order coupled resonators leads to an increased circuit size and insertion loss. The afore-mentioned studies have inspired us to further improve the performance of multichannel diplexers in terms of circuit size, insertion loss in each channel, and source-toload coupling effects. This paper presents new eight-channel diplexer for multiband wireless communication system including of Global Positioning System (GPS), Global System for Mobile Communications (GSM), WIFI, 5G mid-band. The design of the filters constituting the diplexer is presented, and the construction of the multiplexer is explained. The diplexer contains four pairs of asymmetric stepped-impedance resonators (SIRs), resulting in a compact circuit with a high degree of design freedom for channel allocation. A common coupling-line structure is used to split the electromagnetic (EM) energy between Load 1 and Load 2 of the diplexer. Finally, the proposed method is verified through both EM simulation and actual measurement using the diplexer. Fig. 1(a) depicts a block diagram of the eight-channel diplexer. Conventional stepped impedance resonators (SIRs) are known that it can shift the higher order resonant mode, thus some approaches also use the higher order frequencies to create another passband. However, the conventional SIRs have dual discontinued impedance steps, causing more loss and larger circuit area. In this study, we proposed eight-channel diplexer using asymmetric stepped impedance resonators (SIRs). The proposed diplexer has compact circuit size and strong design feasibility since the arrangement of the coupled asymmetric SIRs and the quad-passbands of each source-load can be easily determined by properly tuning the dimension of the asymmetric SIRs. The proposed structure is designed and fabricated on a Duroid 5880 substrate with dielectric constant ε r = 2.2, loss tangent δ = 0.0009, and thickness h = 0.787 mm. The proposed structure can be implemented on four pairs of asymmetric SIRs, with a quadchannel frequency response for each load port ( Fig. 1(b) ). The design parameter of the eight-channel diplexer.is shown in Table I . The asymmetric SIRs generate a quad-channel response at each load. Because the common coupling line structure is used as an input, no additional complex matching network is required. Each asymmetric SIR ( Fig. 2(a) ) has two characteristic impedances, which are constructed by cascading a 2θ a -long high-impedance section (Z a ) connected with a 2θ b -long low-impedance section (Z b ). Impedance ratio K is defined as K = Z b /Z a . The impedance ratio and physical length of the asymmetric SIRs are varied to adjust the fundamental resonances (f 0 ) and the second resonances (f s1 ) over a wide frequency range. When θ b is proportional to the physical length of a asymmetric SIRs, the length ratio α of the asymmetric SIR is defined as α = 2θ b /θ t , where Depending on K and α, several solutions can be obtained for θ t . The normalized f s1 /f 0 and f s2 /f 0 for the asymmetric SIRs is shown in Fig. 2(b) . Comparing to the conventional SIRs, higher resonant modes of the asymmetric SIRs can be easily shifted to far away or close to the fundamental resonant mode without increasing the discontinued step-impedance sections. Therefore, it is easy to design a compact multi-band or wideband filter using the asymmetric SIR. Fig. 3 shows the fundamental and higher order resonant modes of the asymmetric SIRs. Due to the asymmetric SIRs are known that it can shift the higher order resonant modes (spurious frequencies), the arrangements of fundamental and higher order resonant modes are critical to design the eight-channel diplexer. Considering the sourceload 1 (quad-band filter I, without source-load 2), the 3-order harmonics (5.7 GHz) of resonator 1 and 2 have appeared. Fig. 1 (a) demonstrates a diagram of an eight-channel diplexer. When the transmission path is from source to load 1, the resonators belonged to source-load 2 become a series capacitor load as shown in fig. 4 (a) and equivalent lumped-element circuit of proposed eight-channel diplexer as shown in fig 4(b) . The series capacitor load could be a bandstop filter, which suppresses the 5.7 GHz harmonic of the resonator 1 and 2, as shown in Fig. 5 (a) and (b). When the gap g 8 (equal to coupling capacitance C 8 ) of the series capacitance load value modified, the harmonic of 5.7 GHz will change as well, and the smaller of gap g 8 , the greater the suppression effect has happened [7] , [8] . To analyze the position of the transmission zero, we split the diplexer into source-load1 and source-load 2 for analyzing the transmission zeros. Therefore, the 5.7GHz harmonics can be seen in the path of source-load 1. The diplexer is mainly presented by using the asymmetric structure. The input impedance is different by looking forward from source-Load1 and source-Load 2, so as to well produce the passband channels in two loads respectively. Fig. 6 shows the relationships between the simulated |S 21 | magnitude and image admittance (Im [Y 21 ]) of each load in the diplexer; the transmission zeros are controlled by tuning the structure parameters of the asymmetric SIR. The input admittance of the proposed asymmetric SIR structure resonator can be derived as follows: 
II. DESIGN OF EIGHT-CHANNEL DIPLEXER
Where i indicates the order of resonator as shown in Fig. 2(a) . 
Where Y 0 is the characteristic admittance of the asymmetric SIR. By transforming the matrix (12) and (13) [10] , where f H and f L are the higher and lower of the two resonant modes, and i and j are the index of the asymmetric SIRs (see Fig. 1(b) ). Comparison of previous work and proposed diplexer (L/C: number of load / channel TZ: transmission zero.) FIGURE 9. FBW design graph for eight-channel diplexer base on EM-extracted quality factor. Fig. 7 shows the simulated coupling coefficients between the asymmetric SIRs for each load port. The coupling gap can be tuned to satisfy the coupling degree between adjacent asymmetric SIRs. In this study, the external quality factors of source and load sections are equivalent with the J S1 -J 2L1 (source-load 1) and J S1 -J 2L2 (source-load 2) functions, as shown in Fig. 8 . The extraction formula of quality factor [9] is listed as follows:
Where f 0 and f±90 • represent the resonator frequency and the absolute bandwidth between the ±90 • points of |S 11 | phase response for the feeding structure related to each passband. Based on (14) and the designed filter responses, one may convert the Q E, extr k extracted from full-wave EM simulation into the corresponding realizable filter fractional bandwidths (FBW) for passband 1, passband 2 passband 3 and passband 4 ( k , k = 1, 23 or 4), respectively, by K = g 0k g 1k / Q E, extr k = g 2k g 3k / Q E, extr k (15) VOLUME 6, 2018 where g 0k , g 1k , g 2k and g 3k represents the prescribed second order low-pass filter prototype parameters and Q E, extr k are the extracted external quality factor from full-wave electromagnetic (EM) simulation. The diplexer are designed at 1.575/2.4/3.5/5.2 GHz and 1.8/2.6/4.2/5.7 GHz, the extracted quality factors for four passband frequencies are shown in Fig.9 . Fig. 10 (a) and (b) depicts the current distribution in the diplexer; the figure confirms that eight channels are generated by the proposed resonators and that no interactions are induced between the resonators. Table 2 and 3 summarized the specified FBW for three passbands. Slightly mismatch between theoretical and EM simulation might due to the conditions of dielectric loss and radiation loss are considered in EM simulation.
III. RESULTS
The proposed eight-channel diplexer was fabricated (see Fig. 11 (a) and (b)) and measured using a network analyzer (R&S). The overall circuit size is 56 × 34 mm 2 (approximately 0.43λ g × 0.27λ g , where λ g is the guided wavelength at the center frequency of the first passband). The diplexer has measured center frequencies at Load 1 (1.575/2.4/3.5/5.2 GHz) and Load 2 (1.8/2.6/4.3/5.7 GHz), and the 3-dB FBWs of the eight channels are 2.1%, 2.9%, 4.9%, 3.6%, 1.8%, 3.1%, 1%, and 1.6%. The corresponding minimum insertion losses (i.e., −20 log |S 21 |) are 2.5, 2.0, 1.4, 1.1, 1.8, 0.9, 2.3, and 1.5 dB, and the return loss (i.e., −20 log |S 11 |) of each channel is approximately 20 dB. The occurrence of transmission zeros substantially improves the selectivity of the proposed diplexer, and the isolation levels between the channels are approximately 40 dB. Transmission zeros are generated near each passband edge because of the appropriate tuning of the coupled asymmetric SIRs and source-load coupling lines. Table I provides a summary of the performance of the proposed diplexer and the diplexers reported in the literature. Notably, the novel diplexer introduced herein not only facilitates multipath propagation but also has a compact circuit.
IV. CONCLUSION
We proposed an eight-channel diplexer and verified its performance through EM simulation and an experiment. Each coupled resonator generates quad-channels with low loss and high passband selectivity and exhibits a high channel-tochannel isolation of over 40dB. The asymmetric steppedimpedance resonators (SIRs) can be easily shifted to far away or close to the fundamental resonant mode without increasing the discontinued step-impedance sections. Therefore, it is easy to design a compact multiplexer using the asymmetric SIR. The transmission zeros are generated by the cross-coupling effects in the proposed eight-channel diplexer structure and the positions of the transmission zeros are dominated by the configuration of the coupled resonators. The proposed eight-channel diplexer is simple and effective and exhibits high performance. Therefore, it is suitable for application in advanced multiband and multiservice wireless communication systems.
